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3U1I1IARY 

A convenient method has "been developed for determin- 
ing the scavenging efficiency or the charging efficiency 
of two-stroke— cycle engines. The method consists of intro- 
ducing a suita'blG tracer gas into the inlet air of the 
running engine and measuring chemically its concentration 
"both in the inlet and o:x:haust gas. Ilonomethylamine CH^ITH^ 
was found suita"ble for the purpose as it "burns almost com- 
pletely during combustion, whereas the "short-circuited" 
portion does not "burn at all and can "be determined q^uanti- 
tativoly in th.e exhaust. The method was tested "both on 
four-stroke and on two-stroke engines and is considered 
accurate within 1 percent. 



IITTRODUGTIOIT 



The dovclopncnt of two-str okc-cycle engines i}.sually 
centers a^round the prohlen of o"btaining good scavenging 
efficiency (roforcncc l). The concept "scavenging effi- 
ciency" is, however, rather elusive. ITo generally accept- 
ed definition exists and attempts to measure the success 
of scavenging experimentally have "been unsatisfactory. 
The object of this paper is first to establish a consist- 
ent terminology and then to describe a simple experimental 
method to measure and evaluate the success of scavenging 
and charging a two-str oke— cycle engine. 

This work v^as done in the Engineering Experiment Sta- 
tion of The Pennsylvania Stat'e College under the direc- 
tion of Professor E. G. Hechler v/ho followed the progress 
of and assisted in the v;ork. 
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The primary phase of the prelininary inve st i^^at i on 
was done "by Dr. Kuo Pin^, research assistant* Mr. VT. 
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helped in the chenical phase of the worl-. Valuable advice 
was given oy Dr. C. C, Wright, associate professor of 
Puel Technology and Dr. J. D. Aston, professor of organic 
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TSRMINOLOGY 



In any int ernal-conhust i on engine the output is large- 
ly detornined "by the nunhor of oxygon noleculcs that can "be 
packed into the cylinder cvory ninute. The naxinun anount 
of fuel "burned will ho controlled hy the anount of oxygen 
available and the power output will vary in direct ratio to 
it provided that the thermal efficiency and tho excess-air 
factor are constant. 

In a f our-st r oke-cycle engine burning liquid tiJJcl \:ith at- 
nospheric air, the voluriOtric efficiency nay serve as a 
neasure of the success of filling the cylinder with oxy- 
gen, Voluiietric efficiency is defined as the anovuit of 
fresh air in the cylinder v;hen t}ic inlet valve closes, ex- 
pressed in units of volune at nornal t enperatur e-pr e s sure 
conditions (60° P tcnperaturo and 29.92 in. Hg pressure), 
divided by the displaconont volune. This value is a true 
index of the filling success because the nunbcr of oxygen 
nolocules trapped in the cylinder and available for con- 
bustion will be in direct ratio to the volunctric effi- 
ciency* It can be shown that in a f our-str oke-cyclc en- 
gine a linear relation exists between tho brake noan ef- 
fective pressure and the volunetric efficiency as follows; 

l^nop = 180 0^ W ' .(1) 

where T\yQi denotes the volunctric efficiency as defined, 
f the specific fuel consumption, pounds per brake horso- 
power-hour, and X* the excess-air factor, v/hich is the 
ratio between the actual air-fuel ratio and the theoreti- 
cal, or stoichiometric, air-fuel ratio r/r^v,_. Since the 
actual air-fuel ratio is the ratio betv/oen the weight of 
air available for coubustion V^^^^ and tho weight of 
fuel burned, and the st oichi one trie air-fuel ratio is 
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equal to the ratio of the weight of the theoretical anount 



of air 



'th 



required to conpletely burn the sane anount 



of fuel to the weight of fuel, 



r 
?th 



' pure 



Per an average Diesel fuel the theoretical air-fuel 
ratio is 14.5 and the specific fuel consunption of an av- 
erage engine is 0.4 pound per brake her sepovrer-hour ; for 
an average case, equation (l) can, therefore, be v;rittcn 
as 

tnep = 180 



If tho specific fuel consunption f is expressed as 
pounds of fuel per indicated horsepov/er, equation (l) 
gives the nean indicated pressure nip instead of brake 
noan effective pros sure. 

Per an engine in which the cylinder charge is pure air, 
equation (l) holds exactly, Sven in four-stroke-cycle en- 
gines, however, there is sone contaninat i on of the charge 
by the residual gases of the preceding conbus-tion and in a 
tv/o-str oke-cy cle engine the contaninat i on is appreciable. 
Equation, (l) no longer holds in that case because the 
brake nean effective pressure is nuch affected by an addi- 
tional factor, the scavenging efficiency, whi ch. expre s se s 
the degree of contamination of the cylinder charge. 

In the English literature the tern "scavenging effi- 
ciency" has been variously defined and frequently used in 
an equivocal manner v^ithout definition. The value of a 
consistent system of definitions becones apparent by an 
analysis of the charging and scavenging processes. 

Pigure 1 is a diagranuatic representation of the 
charging process in the engine. The hatched areas repre- 
sent pure air and the cross-hatched areas, combustion 
gases. The widths of the channels represent the quantity 
of tho gases expressed by volune at nornal temperature- 
pressure conditions. 

In a tv;o-str oke-cycle engine, air is delivered to the 
cylinders either by a separate blov/er or by the piston of 
the working cylinder acting as a blower. In cither case 
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the air delivery 7 ^-^^-^ is split into two pn.rts: the air 
short-circuited V^j.^^^, vrhich loaves through the exhaust 
port v/ithout ronaining in the cylinder and the air retained 
^ret» ^'-'liich stays in the cylinder after port closure and 
participates in the subsequent conbustion. The air re- 
tained T^Q^ together with the residual ^as T^^^ regain- 
ir.5 in the cylinder after scavensing constitutes the cyl- 
inder charge V^:^. This charge nay be raore or less than 
the displacenent volune V^^^^ depending on the volumetric 
efficiency, which is 

^.vol = ^ = ''"^^ " (2) 
'disp 'disp 

T:ie volu-ietric efficiency is a Treasure of the success in 
filling the cylinder irrespective of the coi^rosition of 
the charc'e. It is predominantly controlled by the scav- 
enging pressure and by the port heights. 

Inuring combustion, part of the air contained in the 
cylinder charge burns but part of it, the excess air, is 
not involved in the attendant chor.iical reactions. Part of 
this excess air escapes through the exhaust "oorts with the 
conoustion products and part of it, 7^^^ - 7^^ (Y^ rep- 
resents conbustion products in :.hc residual gas), remains 
in the cylinder and participates in the subseouent cycle, 
therefore, the cylinder charge consists of three -oarts: 
the retained portion of the air delivered, TDart of the 
conbustion products fron the preceding cycle, and part of 
the excess air fron the preceding cycle. 

The scavenging efficiency is a measure of the success 
in clearing the cylinder fron the residual gases of the 
preceding cycle, and is defined as 

^sc = ^ = (3) 

• ch 'ret + ^res 

This efficiency is .-^.n indication of the contamination of 
the air cnargo , ZTaturally it increases when the retained 
portion of the nir delivery increases, or the short- 
circuited portion decreases, and also when the residual 
gas decreases. The method of scavenging will have a i^redom- 
inant effect on the scavenging efficiency and the merit of 
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the various scavenging arrangements (cross, loop, and uni- 
flov;) can v;cll "be judged by it. 

Another usoful concept is the utilization factor de- 
fined as 



'^del '^ret '^short 

The utilization fp.ctor is a measure of the success in 
utilizing the doliverod air v/ithout much w.ante. The small- 
er the amount of air short-circuited the higher the. utiliz- 
ation factor. It is largely controlled by the scavenging 
a r r a n g o m c n t • 

High utilization factor is one v/ay to increase the 
air in the cylinder, another way is high total delivery. 
Delivery ratio is defined as 



^^^clel ^ ^ret ^+ ^short (5) 
^'disp ^'disp 



Delivery ratio is predominantly controlled by the capacity 
of the scavenging pump or blov/er. 

The total fresh air available for combustion is de- 
scribed by the term "charging efficiency:" 

^ch = 

'disp 

Charging efficiency in a t v/o-st r oke-cycl e engine is a 
quantity v;hich is parallel to the volumetric efficiency of 
a f our-st r ohe-cycle engine. The engine output is approxi- 
mately proportional to it. 

There are definite and useful relations betv;een these 
indices, Tron equations (2), (3), (4), (5), and (6) 

\h = 'so ^vol = ^ut ^ 

the significance of wliich will be made clear later. 

V7hen the scavenging efficiency is 100 percent, cqua- 
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fectiv« relation T^etween the brake aean ef- 

fc^vL^^^'^frffM^-^" '"^^ scaveneing factors. V/hen the 
ll^l :fr.° ^^"^ ^"'-^-^ 100 voTcont the brake 

Sondi^~%°or^^'''°.''"^° r-aturaXly le;s. The oorre! 
Spondi^ Cif^' Of which is ,iven ia 

0.4 14.5 Tl 

hnop = lao 'sn- _ . , 

foralsras" ^o'^^i^o-a. ,his equation can be vrit- 

bnep = 180 ^ 1'^ .5 1 , , 

f -th ^TTEZI 

of thf cutwi^'of"^ ^'r^^i" -^^^"-"^ prediction 

valuers" SiLd iJ ^^^T-'r^^^a' r'r* -^^--^ 
+ -, . ~ A = 1. Jhen, with 14.5 

Jressure - fao \ ^o^^^^P^io^^. the brake nean effective 

Ser Ua^t t?/ ! ''^^''^^^ ^^^^ represents the 

upper iiait but any decrease in Tl_v, and T|„ , or in- 

Mvrjro^suro.^"''' ^^^^ attainable brake°\ean offoc- 

It is also evident that if Tl,^ = i, as is approxi- 
mately true in four-stroke-cyclo engines, equation (8) 

IJnon = 180 ^ }'^'^ Tl , 

which is identical with equation (l) and also gives 130 
pounds per square inch for top Unit with \ f" 1 

'Vol • 

IISASUREI-ESHT 0? SCAVSliailTG SFFICISIICY 



engin^%'J4ifl''o„l^\'-^^°r^''"^*^^-^ clot orninat i on of the scav^ 
«nging cxficicncy have been nado on running on^inns nn 

Doco^e popular and. in practical engine dcvclopnent, tho 
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r.ieasuring of the scavenging efficiency has "been generally 
ignored. 

The sar-pling-valve 'lethod has oeon used nore than any 
other, perhaps first "by Sulzcr Brothers (reference 2). 3y 
a synchronized valve that opens every cycle for a short 
period "botv/een port closure and injection beginning, sam- 
ples are v/ithdrawn fron the cylinder and analyzed for oxy- 
gen or COg content, A sinilar test on a Dotored engine 
with cartificial CO^ contaninat ion was nade by DeJuhasz 
(reference 3). Specially nad'e scavenging r-achines v;ere 
used by Curtis (reference 4), and by Sulzer (reference 5) 
and performed useful 'service in the study of the results 
obtainable with various scn,venging arrangements. 

The chief objection to tho sanpllng-valvo nethod is 
the difficulty of obtaining a representative sample be- 
cause the composition of the cylinder charge is not uni- 
form at different points of the cylinder. Another objec- 
tion to the method is that it is laborious. The model 
tests suffer, in addition, from the fact that the tempera- 
ture, the density, and the viscosity of the gases appreci- 
ably influence their motion and actual conditions cannot 
be reproduced in a cold model. 

In order to overcome these objections, List (refer- 
ence 6) employed a tv;o-part piston in a specially built 
test engine. While the engine was running, during a com- 
pression stroke, the cylinder content was pushed into a 
large container by -suddenly opening a valve in the cylin- 
der head. When the pressure was removed, tho loose top 
part of the piston stayed at top dead center, isolating 
tho cylinder charge. The composition of tho cylindor con- 
tent could then be leisurely analyzed. This method prob- 
ably gave dependable results but, because of its compli- 
cation, cannot be expected to become popular. 

Because of tho lack of a simple method, information 
on scavenging efficiency sometimes was obtained in a round- 
about way by power measurements. Sq^uation (8) can be used 
for this purpose. 

The excess-air factor is close to 1.0 in gas and car- 
buretor engines. In those engines, therefore, power meas- 
urement can be substituted for m.easuroment of scavenging 
efficiency if tho volumetric efficiency is known or can be 
estimated. 
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In a DiesGl engine the o:ccess-air factor nay vary fron 
1.2 to 2.2 at full load and, its value "being unknown, a 
possple solution is to run the engine as a gas engine v/ith 
porting and operating conditions unchanged. Then, on the 
assur.iption that the scavenging efficiency is still the sane, 
it can he calculated fron equation (8). 

^Another poss'i"ble solution is to deternine the excess- 
air factor X fron a four-stroke-cycle engine, v/hich is 
sinilar to the investigated tvAO- stroke-cycle engine in its 
conbustion characteristics. For such an engine X can 
be deternined fron equation (l). 3y substitution of the 
tlius-detornined X in equation (8), the scavenging effi- 
ciency can bo calculated fron power neasurenent. 



Utilization Factor 

The scavenging efficiency of a two-str okc-cycle engine 
nay be deternlncd in an entirely different way. Fron eaua- 
tion (7) 



Tie 



•ut 



^vol 



(10) 



If Tl^^, L, and T\^ol ^-^^ easier to dctcrnino than Tlg^, 
the direct dot crninat i on of T]^^ nay bo dispensed with. 

Another point favors this course. Scavenging effi- 
ciency is the tern nost widely used in characterizing the 
success of scavenging but, as has been correctly pointed 
out in reference 1,* the significant quantity ic not tho 
scavenging efficiency but tho charging efficiency, 



%ol 



because the engine output is appr oxinat ely proportional to 
it. The success, therefore, of the scavenging and the rel- 



In reference 1 the tern "scavenging efficiency" is used 
in alnost the sane sense as the tern "charging efficiency" 
is used in this paper. The authors define scavenging effi- 
ciency as the weight of air charge in the cylinder at the 
tine the inlet valve closes divided by the product of to- 
tal cylinder volunc and inlet density. Except for the use 
of inlet density instead of the density of nornal atnos- 
phcric air and the use of total cylinder volune instead of 
displaccnent voiuno, that definition agrees with the defi- 
nition of cauation (S). 
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ative nerit of- various scavenging arrangcnents can better 
be evaluated by tho charging efficiency, which happens to 
be the -:>roduct of tho conventional scavenging efficiency 
and thc^onvcntional volunetric efficiency. If charging 
efficiency is the quantity in v/hich interest is centered, 
the dctornination of tho volunetric efficiency can do onit- 
ted and the charging efficiency can be deternined accord- 
ing to equation (?) as . 

Tlch = %t ^ 



Tho delivery ratio L can be very conveniently deter- 
nined by neasuring the air flow with a gas neter or a stand- 
ardized flowneter nozzle on the intake side of the engine 
or on the intake side of the scavenging blower. A conven- 
ient det ernination of Tl^^ will be described. 

The utilization factor alone is a very signifi- 

cant index as it shows the ratio betv/een air retained and 
air delivered and is, therefore, the best possible indes: 
of the nerit of the scavenging proper. The other factor 
L is largely controlled by the scavenging blower and is 
an index of the success in supplying a large air charge. 
The product of tho two Tlch is a neasure of the anount of 
fresh air introduced into the cylinder and of the power 
attainable fron it. 

Tho Tracer G-as Method 

Fornula (4) for the utilization fhctor can also be 
written as 



- _ ^Tlbl - ^short ^ -, ^ ^short (n) 
^ ^1 ^del 

Accordingly, if tho ratio between the anount of air short- 
circuited and the total air delivered is knovn, tho pro^*- 
len is solved. The relative anount of short-circuited 
air can bo deternined by a tracer gas. 

If a snail anount of a suitable tracer gas is contin- 
uously fed into and nixed with the inlet air of a running 
two-stroke-cyclo engine, the gas will divide in tho sano 
proTDortion as tho air delivered. Part of it will be 
short-circuited and part of it will bo retained in the 
cylinder. The trapped portion of the tracer gas is assuned 



10 



ITACA To clinical ITotc :Tc. 83 8 



to "burn in the c^^lindor clurin^: conbustion. The short- 
circuited portion is assumed to "be present in the exhaust 
cases. By neasureaent of the anount of tracer gas present 
in the exhaust, the utilization factor can be determined. 

It is usually simpler to measure the concentration of 
a tracer gas in the diluent than it's absolute c^uantity. 
If the volume of the exhaust sas is equal to the volume of 
the inlet air (both volumes bein,3 at normal temperature- 
pressure conditions), if the tracer ^^as that is trapped in 
the cylinder burns completely during the combust ion and 
if none of the tracer fjas decomposes or oxi-f-izos durin^;; 
the scavonp^ing or the exhaust period, the ratio of the con- 
centration of the tracer gas in the exhaust c^.s to the con- 
centration of the tracer .ja£3 in the inlet air is equal to 
the ratio of the amount of air shor t->c ir cui t ed to the 
amount of air delivered. The utilization factor, may 
therefore be expressed as 

Kt = 1 



^ concentration tracer r;as in the exhaust :':as _ ^ 
concentration tracer ^az in the inlet air " ^ 

The assumptions mentioned may not hold exactly, but 
the utilization factor may still bo calculated on the 
basis of equation (12) if the assumptions hold approxi- 
mately or if appropriate, corrections arc made. 

The first problem is the selection of a suitable 
tracer cas . The sas should meet the follov/ins require- 
ment s : 



1. It should be easy and safo to handle 

2. It should be conveniently determinable quantita- 

tively 

3. It should burn completely when exposed to the com- 

bustion in the cylinder 

4. It should remain unchan^-ed in the cylinder during 

the scavenclin^ peri,od and in the exhaust pipe 

Sxperimental -/ork to determine tiieir suitability as 
tracer gases has been done with ammonia, carbon monoxide, 
carbureted water gas, r.onome thylamine and dimethylamine . 
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Correction for Change in Volume After Combustion 

Petroleum fuels used in internal-combustion engines 
consist of hydrogen and carbon. The carbon-hydrogen ratio 
may vary between 6 and 8, the variation depending on the 
source and the processing of the fuel. One pound of hy- 
drogen requires 32/4 or 8 pounds of oxygen for its conplcte 
combustion and 1 pound .of carbon requires 32/12 or 2.665 
pounds of oxygon for its complete combustion. One pound 
of atmospheric air coHtains 0.2315 pound of oxygen; 1 pound 
of hydrogen will consequently req_uire 8 *r 0.2315 or 34.5572 
pounds of air and 1 pound of carbon will require 2.667 v 
0,2315 or 11.5191 pounds of air for complete combustion, 

A pound of fuel that contains 1 weight of hydrogen 
and 7 weights of carbon v/ill require 

34.5572 + 7 X 11.5191 ^ ^ ^ • 
= 14.4 pounas of air 



for its conplcte combustion. 

The quantities of combustion products that will re- 
sult from the complete combustion -of this fuel v/ill be as 
follov;s: 

^ X ^ = 1,125 pounds of KoO 
8 4 

7 44 

— X — = 3.205 pounds of CO^ 

8 12 

The amount of nitrogen remains unchanged ♦ 

14,4 X '^^ = 11.1 poimds of - 
100 . 

The volume of 14,4 pounds of air under normal tempera-^ 
ture-pre ssur e conditions v/ill occupy 178.6 cubic feet. If 
the fuel is liquid its volume may be neglected. After com- 
bustion, at normal temperature-pressure conditions 

1,125 pounds H^O will occupy 22.42 cubic feet 

3.205 pounds CO^ will occupy 26.12 cubic feet 

11.1 pounds ITg will occupy 142.2 cubic feet 



Total 190.75 cubic feet 
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As conpared vrith the original volune of 178.6 cutiic 
feet, this volur.;e represents an increase of 6.5 percent. 
With the v/ator vapor condensed out, however, the total ex- 
haust gas volune is 190.74 - 22.42 = 168.32 cuhic feet, 
v/hich re-presents a decrease of 6 percent. 

If the air-fuel ratio is greater than the stoichio- 
net-ric ratio, as is the case in Diesel enj^incs, the change 
in volune after conhustion will "be less. Figure 2 shov;s 
the chanj^o in volnue due to concustion of fuel v;ith a 
carlDon-hy-dr ogen ratio of 6, 7, and B to 1 and at an air- 
fuel ratio fron 14.5:1 to 50:1. A typical Diesel fuel 
with a carlDon-hydrogon ratio of 7:1 "burned v/ith an air- 
fuel ratio of 20:1 would cause a loss of 4 percent in vol- 
ume, if the water-free exhaust gas is conpared with the 
inlet air, "both at normal t enperature-prc s sure conditions. 
This amount is the correction that must "be applied to the 
ratio of tracer-gas concentrations in the inlet air and 
in the exhaust gases. 

Pr c 1 i r.ii nar y Tests 

::ost of the preliminary v;orI: v/as done v/ith ammonia 
and v:ith me thylamine s . The worl: included "bench and engine 
tests. One "bench test was made to determine the decompo- 
sition of ammonia at various temperatures, other tests 
were made to checi: the effectiveness of am.monia and meth- 
ylamine a"bsorpticn "by sulphur i c -acid solution. Prelimi- 
nary engine tests v/ere conducted on various four-stroke- 
cycle engines. A four-stroke-cycle engine with no valve 
overlap must have a utilization factor of 100 percent; the 
ar.ount of tracer gas found in the exhaust could therefore 
"be used as a check on the method. Load, speed, compres- 
sion ratio, intake-a.ir temperature, and tracer-gas concen- 
tration were varied in the tests. 

The results of these prelimiinary tests Cv?.n "be summa- 
rized as follov/s: 

1, Ammonia and m.onomethylar.inc do r.ot burn or decomi- 
pose under temperatures existing in the exliaust of tv;o- 
str oke-cycle engines. 

2. Amr.onia and its derivates are readily and com- 
pletely a"osor"bed "by aqueous sulphuric-acid solution held 
in a Van Slyke-Cullen urea flask, which makes their quan- 
tit?.tive determination convenient, as it m.easures, by a 
gas neter, the amount of gas necessary to neutralize the 
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sulphuric-acid solution. If a few drops of indicator solu- 
tion ore added to the sulphuric-acid solution, the neutral- 
ization point can be conveniently detected by a sharp color 
change , 

3. llonomethvlamine was found to burn almost cor.plete- 
ly in the cvlinder if the engine load was 75 percent or 
hirher, irre si^ect ive of, the engine speed and the compres- 
sion ratio. A tjrpical test performed on a four-stroke- 
cycle engine is represented by fiiTiire 3. 

A. The concentration of the monome thylamine had lit- 
tle effect on its burning efficiency and a concentration 
of 0.5 to 1 percent was found most satisfactory as a 
tracer gas. 

5. ITo other gas was found'to fill the requirements 
of a tracer gas as satisfactorily as monomethylar.ine . 
Ammonia was found to burn only incompletely in the cylinder 
during the available short-time interval. Dimet hylamine 
tartly dccoii.^oscd in the exhaust pipe. Carbon monoxide, 
hydrogen, and methane wore found to require laborious anal- 
ysis and to give insufficient accuracy. 



The Met hylamine Ilethod 

The inlet air and the exhaust gas are analyzed for 
their monomethylanine content by withdrawing, under a 
slight vacuum, a sample through a Yan Slyke-Cullen urea 
apparatus (fig. 4) containing a known quantity oi standard- 
i-ec sulphuric-acid solution, v:hich retains the monometh- 
vlamine. The amini>.free gas sample then continues on to a 
flowmeter. A few drops of mixed indicator solution ^-^^ 
added to the sulphuric-acid solution as an indicator. Lhcn 
tre acid solution becomes neutralized by the monome tnyl- 
amino. the color changes from purple to green and at this 
point the ouantity of monomcthylamine free gas that P^fs.^ 
through the sulphuric-acid solution and the flowmeter is^^o- 
corded. The quantity of sulphuric-acid solution uscd_ being 
known, the percentage ammonia im the gas mixture can do 
cal culat ed . 

If t"-crc is any suspicion that a greater volume of ^ 
gas has passed through the sulphuric-acid solut i on than^i s 
necessary to neutralize the acid, the actual quantity o. 
acid neutralized can bo determined, by titration, by add- 
ing a few more cubic centimeters of sulphuric acid ana 
back-titrating with standardized ITaOH . 
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Correcting the Experimental Results 

If the nononethylanine "burned conpletely in the cylin- 
der and none of it burned in the exhaust pipe and if the 
volune of the exhaust gases v;ere equal to the volume of 
the inlet air at nornal t emporaturo-pr e s sur e conditions 
then, according to equation (12), the utilization factor 
could "be calculated fron the measured amine concentra- 
tions, as 

^ut = 1 - ^ 

where 

p ercent tracer gas in the exhaust gas 
^ ~ percent tracer gas in the inlet air 



It is known, however, that the volume of the water- 
free exhaust gas is 1 to 6 percent less than the volume of 
inlet air, depending on the air-fuel ratio of the charge 
and the carhon-hydr ogen ratio of the fuel. (See fig. 2.) 
It is also known that the combustion of the monomethyl- 
amine is not complete in the cylinder but varies between 
95 and 100 percent, depending largely on the combustion 
temperature. As regards the burning of monome thylamine ^ i n 
the exhaust pipe, the evidence indicates that this condi- 
tion need not be considered because the amount burned is 
either zero or negligible. 

If the volume shrinkage of the water-free exhaust gas 
relative to the inlet air is denoted by s and the burn- 
ing efficiency of the tracer gas by e, it can be shov/n 
that the true utilization factor is 

The derivation of this fornula is found in appendix B. 

If the Durning efficiency were 96 percent and the 
volume shrinkage 5 percent (rather extreme cases), with an 
a of 0,2 the uncorrected formula v;ould give 



'lut 



1 - 0.2 = 0.8 



v;hereas the true utilization factor would he 
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1 ^ . Oil : — _ = 0.84 

0.96 - (0.2 X 0.05) 



The deternination would therefore he in error oy 4 percent. 

The deternination can, however, he improved consider- 
ahly oy the use of equation (13). It is easy to os^^^ate 
?ho v.Dlunc shrinkage ftor^ figure 2. For a typical Diesel 
fuel with a carbon-hydrogon ratio of 7:1 and an air-fuol 
r--*io o^ 20:1, the volunc shrinkage is approxinately 4 pe.- 
cont. it is also possihlc to ostinato the hurnmg cffi- 
cio'ncy of tho nononethylanine as ahout 97 percent, noro or 
loss, de::ending on tho coabustion tenperaturc. Applica- 
tion of the correction fornula, equation (13), woula ^.ive 



0.8 



}.83 



0.97 - (0.2 X 0.04) 
This anount is likely to ho correct '.-.•ithin 1 percent. 

Testing a Two-Str oko-Cyclo Sn^rine 

The nethod dovelo-ood was considered satisfactory for 
testing the scr.venging' of a tvo-stroke-cycle engine. 

T'he first prohlen encountered in adopting tho nono- 
nethylanine nethod was: V.-horo along the exhaust lino 
shall the exl.aust sanple he withdraw.? ^Then 
port just opens, e.xhaust gr.scs issue fron the exhaust 
Torts'at a very high velocity. After the f--^^"^ " 
od. when scavenging takes place, the velocities t^^^ou^h 
the exhaust ports have decreased considerably and later 
III ai'r that is short-circuited flows throu.:;h tho exnaust 
p'orts at a relatively slow rate until the ^.f^^^Kf^/H^^ 
close. ?ron the tine of exhaust-port closing to t.io next 
exhaust-pert opening, pressure and velocity °^ = -llf/ 
co"ti-uo all alon- the exhaust duct. If a sanple is with- 
drawn 'a few inches fron tho exhaust port, these consider- 
atfons would indicate that the concentration oi tnc tracer 
,-s at this r.oint would he hia^or than tne true value, 
which would to obtained if thorough nixing had occurred. 

Ex-oorincnts on a 10-|r^/ 12-inch single-cylinder. 
two-st>;k=-cycle. crankoaso-scavensed Venn Sevorin Diesel 
engine (fig. 5) have shown that the concentration '^o^"" 
nethylanlne withdrawn at various points along tnc .^xhr.ust 
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lino varied, as had "boon expected. Very hlQli concentra- 
tions were found in sanj>lcs v/ithdra,vn 6 inches fron the ex- 
haust port. The concentration of nononc thylanine in sam- 
ples withdrawn 5 feet fron the exhaust ports wn.s approci- 
alDly loss than the concentration found 6 inches fron the 
exhaust ports. further along the exhaust lino, the concen- 
trations increased again and then fluctuated slightly all 
along the exhaust line .up to 15 foot away fron the exliaust 
ports. llo sanplcs v/cre withdrawn at a distance gr.oater 
than 15 feet fron the engine. 

In order to get a representative concentration of 
nononothylanine in the exhaust gas, the exhausted products 
of conhustion anxL the short-circuited air and nononethyl- 
anine should "be conplctely nixod. This resrdt could "be 
acconplished if a nixing chan"bcr were introduced into the 
exhaust line. The addition o"f a clianbor, however, affects 
the tuning of the exhaust and the results obtained would 
not "be representative of nornal operating conditions. 

Another nanner in v;hich a relia'blc sanple nay "be o'b- 
tained would be to take an average of the concentrations 
of the nononcthylanine all o.long the exhaust line. This 
sanplc can "be taken very easily v/ithout disturbing the 
nornal engine exhaust systen. The least nunbcr of san- 
i)ling points necesso.ry to obtain a relia'blc sanple has not 
"been ascertained. Four locations, hov;evo-r, evenly dis- 
tributed along the exhaust line are considered to be ade- 
quate to give a reliable average concentration, the first 
sanple tube being located at a distance not less than that 
distance corresponding tc an exhaust-pipe volunc equal to 
1.5 tines piston displacement. 

In the final tests on the Venn Severin engine, one 
inlet and four exhaust sanples wore withdrawn in each test. 

Two tests were nade v;ith each air delivery and the 
air delivery v;as varied by placing a restricting orifice 
in the inlet-a.ir duct next to the engine. The Van Slyke- 
Cullcn urea apparatus v/as used for absorbing the nononcthyl- 
anine in the inlet and oxhaust sn.nplcs. Figure 6 shows 
the arrangenent used to withdraw an inlet sanple through 
the Van Slyke-Cullen apparatus. All four exhaust sanples 
v/erc v/ithdrav/n sisiultaneously , The sanpling tube and the 
stopcock are shovjn in figure 7. The anine— free sanjjle 
issuing, fron each aeration tube flowed to a header fron 
which the conbined nononethylaninc-f roe exhaust sanples 
flowed to a gas neter with which the volunc of the conbined 
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sanples v/as deternined. The sanple flow to each exhaust 
s-^n-ple aeration tube was stopped, one at a tine, as the 
as the color of the solution in the individual tubes 
changed fron purple to green. The volune of the conbined 
sanple v;as then corrected by titration. All exhaust- 
s-nple volunes were corrected by titration because of 
noisture that had condensed out of the exhaust sanple and 
had been deposited along the inner walls of the glass tub- 
ing through which the sanplc flowed before energing in the 
fern of bubbles into the sulphuric-acid solution in the 
aeration tost tube. This condensation absorbs sone of the 
nononcthylanine in the exhaust sanple and doos not^take 
any part in causing the initial color change. It is, 
therefore, in-oortant that the aeration tubes bo washed and 
the -ixture of the original contents of the tube and the 
products of the washing operation be titrated to detcmine 
the correct quantity of nononet hylanino contained by the 
neasurod sanplc. 

The value of a was then calculated by the use of 
the inlet and the conbined exhaust-sanple volunes and the 
quantity of sulphuric acid neutralized by each sanple. 
The procedure is described in the next section. 

When a burning efficiency of e = 0.97 and a voluno 
•shrinkage of s = 0.04 was assunod Ti^^ "^^^ calculated 
fron equation (13). The test results and the calcula- 
tions are listed in table I. 

With no throttling of the intake air, the utilization 
factor was 84 percent; with a 3-inch-dianet or orifice used 
in the inlet duct, the utilization factor was 82 percent 
and. with a 2-inch-dianet er orifice, 86.8 percrent according 
to the tests. 

As a further step, the respective charging efficien- 
cies were deternined according to equation (7). For this 
equation, the delivery ratio nust be known. This procedure 
involves the neasurenent of air deliveries. 

A flownetor nozzle of 3.145-inch dianeter was insert- 
ed in the intake side of a surge tank. The pressure drop 
across the nozzle was neasured by a ni or onanonet er . The 
nicronanoneter shown on figure 8 was developed by Professor 
F. C. Stewart of the Pennsylvania State College. It con- 
sists of two connected equal-dianet er tubes, one exposed 
to the atnosphere and the other connected tc the pressure 
hole of the ilowneter nozzle. The height of the water- 
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level in the open tu'oe is raeasured ^7 a dial indicator to 
w^^ich a sharp pointer is attached. Vfhen the pointer 
touches the water level, an electric circuit is closed 
through a neon lanp and the neon /-lows. V^ith this instru- 
nent the difference in water levels can be conveniently 
determined with an accuracy of ±0.002 inch and the neces- 
sity of usina saali nozzles for accentuating the pressure 
drop disappears. The ueasurod air delivery was 125 cuhicr 
feet per ninute at 381 rpn or 0.328 cuhic feet per cycle. 
This value gave a delivery ratio of 0.544 with no throt- 
tling. 

The charging; efficiency is equal to the utilisation 
factor times the delivery ratio. The charging efficiency 
was calculated as 46 percent for no throttling, 41 percent 
for the 3-inch-diameter throttling orifice, and 38 percent 
for the 2-inch-diameter throttlinc orifice. 

The load was ahout full load in these tests, as evi- 
denced by a smoke density of ahout 80 percent hy the Penn 
State smokemeter (reference 7). The power output was not 
moaaur cd . 

The Values show that the utilization factor does not 
always deteriorate when the delivery is increased. Mhon 
c diancG was made from a o-inch throttling orifice to no 
orifice, "both the air delivery and the utilization factor 
improved. Of course, if the air delivery is considerably 
increased, as "by super char ^in.- , the utilization factor 
must necessarily fall off because the cylinder cannot Keep 
all the extra air supplied. 

The low delivery ratios and charcing efficiencies ob- 
tairod in these tests arc not typical of the engine but 
arc the result of an inadequate s^rgc-tank capacity and a 
short 2-inch-diametor tube inserted between the tanks to 
nininize the -oressure fluctuations. This small tube re« 
strictod the air delivery to below normal. Subsequently, 
the air-delivery tests were repeated with a larger surge 
tank (about 27 times displacement volume), free of re- 
strictions and having two 20-inch-diamct er rubber membranes, 
in addition, to minimize pressure fluctuations. The^air 
delivery thus measured corresponds to a delivery ratio of 
0.72. If the utilization factor were the same (0.84), 
this set-up would give a normal charging efficiency of 60 
percent . 
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REC0MIIEITD3D PHOCSDURE 
Tor Determining the Charging Efficiency of 
a Two-Stroke-Cycle Diesel Engine with 
Mononcthylamine as a Tracer G-as 
Test Equipment 

Material and equipment: 

1. Anhydrous nonome thylanino 

2. Concentrated sulphuric-acid solution (9 lb) 

3. Standard volumetric solution of IT/lO sodium hydrox- 

ide (32 oz) 

^hc sodium-hydroxide solution must be kept sealed 
from the air (as much as possible) to prevent CCg in the 
air from being absorbed, thereby changing the normality of 
the solution. 

4. Mixed indicator ». * 

•lixed indicator is a mixture of 0.625 gram methyl rod 
indicator and 0.413 gram methyl blue indicator made up 
wit^^ 500 cubic centimeters of ethyl alcohol, that is, the 
mixture of methyl blue and methyl red must be dissolved m 
500 cubic centimeters of ethyl alcohol. This indicator 
may be obtained, on request, from a chemical house, the 
proper specifications being given. 

5. Distilled v/ater 

All chemical eauipment must be washed with distilled 
water. City tap water is r.ot a satisfactory substitute. 

6. Van Slyke-Cullcn urea apparatus (18 sets) 

Each set consists of a Van Slyke test tube and inlet 
bubbling tube (aeration tube) and an outlet tube with a 
trap to separate any entrained liquid. 

7. 3urettes (2) - One for sulphuric acid and the other 

for sodium hydroxide. Straight stopcock 50 cc 
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6. Burette support (l) 

9, Gas washinc oottle (lOOO cc) 

10. Beakers, Griffin lov.-forn, Pyrex (two 1500 cc, two 

1000 cc, one 600 cc, one 250 cc, and one 100 cc; 

11. Autonatic pipette (25 cc capacity) 

12. Aspirator, v/ater (to produce suction for vrithdrawinG 

sample s) 

13. Sarcent wet-tost sas neter (precision) 

14. Thick-wall tuoins (48 ft of 3/l6-in. ^oore; 48 ft 

of 3/8-in. "'^ore) 

15. Annonia flow control (Model LIT) 



Sources of supply: 

I ten 1, Rohn and Kaas Co., 22 V,\ Washin^^ton Square, 
Philadelphia, Pennsylvania 

Itens 2 to 14, The Fisher Scientific Co., Pitts- 
"bur^^h, Pennsylvania 

Iten 15, Eokc Inc., 122 Pifth Avenue, ITcw York, IM. 

Accessory cquipncnt: 

1. llcrcurv nanonctcr for accurate dot erninati on of 
pressures at the hic;h side of the -oncnet hylanine neter- 
ins orifice. With a nercury nanoneter relatively snail 
pre s sure- fluctuations are easiiynot iced. 

2. Vacuun receiver with needle-control valve and 
vacuun-pre ssure sage. 



Physical Properties of Iloncnethylaninc 



T cn-oer aturc 


Vapor pressure 
(lo/sq in.) 


Specific 
c^ravity 


Latent heat 
(3tu/lh) 


50 


29.8 


0.6746 


562.6 


70 


45.2 


.6610 


356.5 


90 


66.1 


.6471 


350.1 


110 


94.1 


. 6351 


542.9 


130 


129 


.5188 


339 


160 


174 


.6 042 


327 


170 


228 


,5392 


317 


190 


293 


.5740 
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PillinG Cylinder with llonone thylanine 
..trono care should_T.c used J^^i^^-^.n^r/.af.^e 

ous and ;evere personal injuries nay incurred, 
capacity, in ^^luuo, ...usi- , , ^ riven in the pre- 

two-thirds of the total voluno of the cylinder ^ 
cupiod ^Jy the liquid nonoTicthylanmo. 

If -ne cylindor to he char cod is at the sa^e tenpera- 
ture as ^h^e ^ly cylinder ^^%}^ ^^^^^^^^ 
will not f °^,^--;'^-„-^^S,?rtrornoLnrthKa.ine 
he charged. -.-hen a sw.i °>;- s and estahlishes a 

first enters the c^'^^^^^^^ "^^^ 

vapor pressure equal to tnat m tn„ supo ^ . 
flov; iinaediately ceases. 

There are two satisfactory means hy which flow Bay he 
acconpli shed: 

1. Allow the liquid to flow hy means of gravity. 

- Cool the cvlinder to he charged to a teiaporature 
-oelow^:hat of the Wy cylinder. Do not heat the supply 
cylinder. 

Ilonomethylaniino is very soluolo J'J'll^ 
niled with Bononcthylaaino nay therefore he hied hy nc..n 
'of huhhling the gas into a huchot of water. 

■ I,- the eves should hcconc c.:posod to mononethylanino. 

very s'erious burns nay he received ^'^^^llJ^S^V^Tl 
tori le worn as a safety neasuro when tionor.ethyla-ine is 
transferred fron one cylinder to another. 
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Test Sct-Up 

Figure 5 shov;s the arranscncnt and the necessary 
cqui-onent for mekin^ an engine scavcnging-e f f i cicncy t o st , 
A mercury nanonetcr is used to dctcrnine the nononothyl- 
aninc nctcring TDressuros so that the nononc thylamme flow 
can ho accuratciy controlled. The size of the netcring 
orifice should he selected to give a tracer concentration 
hctwecn 0.3 and 0.6 percent hy weight 'nononethylanine m 
the inlet air. 

Air Moasuroncnt 

A nicronanoneter (fig. 8) (an inclined manoneter nay 
he used) is used to measure the pressure drop through the 
air-flow meter. It consists of two cylinders that serve 
as nanometer legs, one of glass, open to the atmosphere 
and the other of hrass,, accur^itely machined to the sane 
diameter as the glass manometer leg; a micrometer screw is 
mounted ahove the dial indicator to control the motion ol 
the feeler vin, A neon lamp is inserted in an electrical 
circuit througii the instrument so that, when the feeler 
pin Dicrcos the water level in the open log of tne manome- 
ter/ the neon lamp glows. The pressure drop is twice the 
drop in water level in the open leg of the nanometer. 

Surge Volume 

The size of the surge volunc necessary for naking air 
measurements dexiends upon the speed of the cngine^and the 
nunhcr of cylinders in the engine under test. Satisfactor 
results nay he ohtaincd. "by using the following relation: 

<■ 

Surge volume 

(40000) (displacement volunc) 

(rpn) (nunhcr of cylinders in engine under test) 

Ifhcn cran}ccasc scavenged engines are tested, particu- 
lar care should he taken, v/hen the surge system is in- 
stalled, to avoid restrictions to air flow. Only a few 
inches of water-TDressure drop in the system will adversely 
affect the engine hreathing and will invalidate the resul. 
of the test. The air-flow meter should he the smallest 
restriction in the system. The orifice should he so se- 
lected that the pressure drop through it is no greater 
than 1 inch of v;atcr. 
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Load 

. t.r^f hurn completely during the 
llonomethylamine doe s not hurn co P /^^^e^t rat i on 

comhustion period lonomethyLmine fed to the 

used. It is important ^^^/^^^ ^ method of determin- 

engine hurn almost completely if ^^^^ ^ -be roll- 

ing the scavenging efficiency ^^^^^^^^g^^ l^^^, niuch more 
ahfe. figure 3 shows that monomethyla^^^^^^ ^^^^ 

eompletely at high ^^S^^^^^/ ^^^^ ^^J^, ^Lning effieiency of 
load. Ahove three-ouarter load the ^ p^^^ the 

monomethylamine does not ^P?^^^^^^ J^^he occurrence of oxi- 
peint of view of the ^ ^hvlamine during the 
Ltion and ^^composition of monomethy^^^^^ ^^^^^^ 

scavenging . f ^f^f^.f.^ ? o keep the engine load down, 
withdrawn, it is desirahlc zo ^ ^jetween three- 

The engine must, therefore, ^P^^^^^^^.^^ 95 and 98 per- 
,uarter and full ^j; °f ' pel in the comhustion 

eent of the ^^^st i en period. If the 

chamher will hurn ^-^^f^f ^.^J^f '^xtLordin^ Mgh. 
exhaust temperature of the ^^-^^^ cidiaust temperature 

the load should ^e reduced so that 
is helow 800° f. 

Withdrawing the Sample 

^^lor. withdrawn through 

The inlet and exhaust sample. ^ ^'f^^ 3i,,^ie to 
the Sargent wet-test eas ease vith which the 

use a suction ^^f^^^^^HHY^ THe receiver aay W evacu- 
sanT,le flow may ^e regulated The r either 



All V.»-Sl,k. to.. i'\'HTill.Tl"^ ulll'or 

'l"rit.t:\"STor.;?n^.:To-:°;a.>.i. -.i..c~y 

EU6t also oe u.i „nT-n-,vr ssod air. 

to acconplishod neans of conprcssott 

Charginc the Absorption Test Tubes 

.ho inlct-sanple ^ost tuho is usual^^^^ 
25 cubic oontinotcrs of 0.1 h sulphuric cCi 
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V/ neans of an automatic pipette and distiller water is 
added until the test tube is half full; three drops of 
nized indicator are then added to the solution. Wnen a 
sample is heing hubhled through the solution, the sanple^ 
■buhhles dis-Dlace the sulphuric-acid solution and raise .ne 
level of the solution alnost to the top of the tu"be ; 

If 25 cubic centineters of acid arc used in the inlet- 
sanple test tubes, 5 cubic centimeters of acid should prcf. 
erably be used in each cxhaur.t- sanple tube, so that when 
testinc- an en/^ine with a utilization factor of aoout 80 
percent, ar.proxinat el^' the sane volu:io of sample will oo 
used to neutralize the acid in the cxhaust-sanple tost 
tube as was necocsary in the inlct-sar.plo tcr.t tube. Ix ^ 
an engine of 60 iDcrccnt utilization factor is ocing tcstcc. 
25 cubic centineters should bo used in tho inlct-sanplc 
test tube and 10 cubic centimcterc in tho cr.haust-sanplc 
test tube. If the sampling is planned in this manner, 
both tine and monometh-laminc will be conserved. Free car 
bon is a decolorizing agent; therefore, with snokjr exhaust 
six drops of nixed indicator must be added to tho exhaust- 
sample test-tube solution. 



Inlet-Gas and Sxhaus t-G-as Analysis 

It must be borne in mind that the results of the anal 
ysis of a gas sam-nlc arc no more accurate than tne sample 
analyzed. Tho monomethylaminc should be adeouately mixed 
'before withdrawing an inlet sample. This condition nay be 
accomplished bv introducing tho monomethylar.ino in a rela- 
tively high-velocity section in the surge tank. (Sec fig. 
5.) All inlet and exhaust samples should bo withdrawn ^ 
from tho inlet and exhaust O.ucts through sampling tubes m 
order that the sample obtained be representative of tne 
gas at that particular- location. Pigure 7 shows a type of 
sampling tube that may be used. 

At least four exhaust samples must be withdravm, each 
at a different location along the exhaust line. The first 
sr-miDlc should be withdrawn at a distance equal to a length 
of exhaust lino corr e sT)onding to about ono and onc-hali 
times the di s'-Dlacement volume of the engine cj^linder. The 
remaining sampling tubes should be evenly distributed alon 
the exhaust line in about l^-foot intervals. The amine- 
frec exhaust sam-nles from cach sampling tube should feed 
into a header sc^that one gas motor may be usod to measure 
the total volume of the exhaust samples. 
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It is -ot necessary to take inlet and exhaust samples 
simultaneously unless the engine speed , ^^^^ 

constant for the duration of one complete test (the ti^e 
necestary to withdraw one- inlet and the four simultaneous 
exhaust samples). In that case two gas meters will be 
nece ssary • 

If the engine under test will run at a constant speed 
for the duration of one test, one gas noter is sufficient. 
The inlet ss.nvle should "be withdrawn first to deternino 
the concentration of nononethylanine in the mlot air it 
all tho exhaust sanplcs arc withdrawn sinultancously and 
the rate of sanple flow through each tube is reflated to 
h'e relatively tho sar.o, considerahle tiac ^ 
The rate of the conhincd sample flow through the £,as r.e.or 
should ho ahout 0.4 cuhic foot per ninute. As the color 
0^ the sulphuric-acid solution in each cxhaust-sanplme, 
test tuhe char-gos fron a purple to a lisht green, the san- 
^,le flow of that tost tuhe should ho stopped. This proce- 
dure oust he repeated until the acid solution in ^11^°^^ 
exhaust -sanple tost tuhes have hoon neutralized. When the 
flow through tho last exhaust-sanple aerr.tion tuho ^^^^^^'^ 
stopped, the voluno of the oochined sanplos that passed 
through the noter should he rocoraed. 



Correction of the Sxhaust-Sanplo Telunc hy Titration, 

When the exhaust sanple (containing nononethylanine 
Pnd water vapor)' passes through tho aeration tuhe t.iat is 
at roon tenperature, sor.o of the water vapor is condensed 
out of the aoration-tuhe wall. The condensed water vapor 
is vc-v effective in ahsorhing whatever nononethylanine 
cones in contact with it. The recorded volune o- tne ex- 
haust sanples withdrawn is therefore larger 

volune necessary to neutralize the sulphuric-acid solution 
and a correction should he applied. 

The solutions in all four erchaust-sanpling tost tuhes 
should he collected in a large her.ker and nixed with the 
solutions oDtained hy washing the 

test tuhes with distilled ^.ater. This wa siting pro ccc.ure 
nust ho carried out or the results f^^^^l^"; . ^° ,^ 

valid. Add 5 cuhic centineters of acid to the solution in 
the -beaker (the color should change fror. green to purple; 
and titrate the contents with standardized ll/lO ^oc.iun- 
hvdroxide solution. Whon tho solution has hecn titr..>,c^, 
tko operator should have the definite nunher of cuhic con- 
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timeters of 0.1 H sulphuric-acid solution that were neu- 
tralized the exhaust sanples floving thraugh tne var- 
ious aeration tuT^es. 

Calculation 

According to appendix C. a is determined as follov.-s: 

T^^ T O 35 cc C.l IT HgSQt X_ 
" Vgj-ij O X cc 0.1 H EgSO* 25 

Where the numerator is the number of cuMc feet ^ If H 
sample that neutralises 25 cuMc centimeters f 
mately 0.1 N acid solution and the 

her of cutiic feet of exhaust sample that nea.raiizes 
Sic centimeters of the same acid solution. From equa- 
tion (13) 

1 - o 

V " 0 - as 

where e is the hurning efficiency of /H^ 
s the volume shrinkage, which is dependent upon the C/H 
ratio of the fuel and the air-fuel r=tio. .Soc .ig. 2.) 

The charging efficiency is then ootained from equa- 
tion (7) 

Tlch = Vt i 



where 



L = ^ 



"^disp 



the air delivery is determined ty flowmeter meas- 
urement and a rounded nozzle is used. th3 quantity o. air 
flowing through the nozzle por second is 



where A is the cross-section area of the flowmeter n,- 

zlo, p tho pressure drop across tne nozzle. TT 

cific weight of the air. and C the discharge cocffxciont, 

which Is fhout 0.98 in case of a standard flowmeter nozzlo. 
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If . is expressed in inches of water. "V in pounds 
per ciMc^^ot. -d A i. in. square incncs. 



= 0.98 y 



2 X 385 X p/27>5 

7/1728 ~ 



= 0.98 A 220 cu^ic inches 



and the delivery ratio is 



L = 



6.0 Q. 
n 

,T £!lL s 
' 4 



nun^er of cylinders in the engxne. 



co:tclusioi:s 



i.- A r.-r f^Ptcrnining the charging 
1. tracer-gas -tnod .-hioh 

efficiency of two-stroke-oyoio ^^^^ ^ 

t?rc:f ga:"Is°;Lrenren; Td^^^r^fciently accurate. 

3, The test is to .e P-^or-d with the engine oper- 
ating at between ^^-^--^Ir th^t Iftlell ^^ ^^7 
conditions, it '""^■J'. ^^^f^f \,^tch is trapped in the cylm- 

cent of ^Jf ™^,,-on ..eriod. 

der, Durns during tne cou-du^/x 

3. oxidation or --..osition^of ^the^.ono.^^^ 
IZTA lll ^r^e^neSx^'cterf^r al! practical purposes. 

4. A Simple correction f f-^^^^^^^^^SLltouS'^oe 

and ix^oomplete con^ustion °^ ^/-^-^^^/o^ >)otter accuracy. 

applied in ^''S^, ^^nin- 1 ion of the charging of- 

With such corroct 10 ^hc de ormin tio^_^^^^^^ ^^^^^^^^^ 

ficicncy is expcct^a oo 



School of Engineering, rni^c^-c 

^°Stt:f C:ircgo:1:.!°n;vcnher 15. 1941. 
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APPENDIX A 

?.ELATI01^ BSTWEU SCAVEUGIITG EmCIEUCY AlTD 
BPJ.KE-HEAN-EFFECTIVE PRESSURE 

The horsepower output of an engine is 

= J:! (Al) 

^ 53000 

where V^^g^ is the displacement volume in cuhic inches, 
n the revolutions per minute, and c the nua"ber of 
strokes per cycle. 

Naturally, the horsepower is also equal to the total 
fuel consumption divided hy the specific fuel consumption 

F ^^TDure P — 60 ^'pure P ^ 60 
_ ^h ^^^^ ^ _ = ^ ^ (A2) 

" F" " ?"fT728 ■ ' rth >^ f 1728 

where Vp^j.^ is the volume of pure air under normal 
temperature--Dressure conditions in the cylinder "before 
comhustion (see fig. l), r the actual, r^^^ the theo- 
retical ratio, X = ^/^th cxcesB^air factor, and p 
the weight of 1 cuhic foot of air under normal temperature- 
pressure conditions. 

Erom eauations (Al) and (A2) 

P "^puro 

onov = 13,750 — 

^ I ^th ^disp 

One cuhic foot of dry air under normal temperature-pressure 
conditions weighs 0.0755 pound, therefore 

1050 "^vuTO /,^N 

hmop = — ifT' ^^'^^ 

X ^ ^th ' disp 

It should he realized that '^\utc ^^^^ ^^^^ 
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Dart of the air delivered and retained in the cylinder. ^ 
it includes some pure air of vhe residual gas regaining m 
the cylinder from the previouc cycle. If figure 1 is re- 
ferred to, the following definitions and relations can 
written: 



^ r e t 



^^ret * "res 



'^''di sp 



(A4) 



(A5) 



X = = (A6) 

^th ^th 

V ^ V + Y - V (A7) 

^pure - ^ret ^ ^res cp 



^cp 'th 



^res ^ret 



(A8) 



Tn eauations (A4; to (AS) there are five unknowns: 
V Y ' V Y . a-d These equations can he 

^pure» ^rct* ''res» cp » th 



solved fcr '•'pure " ^^^^ 

Sure - disp 1 + (X - 1) 7isc 
Equations (A3) and (A9) result in 

1050 "^vol "^sc (AlO) 
hmep = — : ^ — ~ ^ 



f r^h 1 + - 1) "^'c 



which can also he written as 



hmep = 180 %^ T-TTT^TT^ 



This expression is identical v;ith equation (8) of the tc::t. 
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APPEITDIX B 
CORESCTIOIT ?0H UTILIZATION ?ACTDil 



If the amount of unhurried tracer gas in the cylinder 
is zero and the volune shrinkage due to comhustion is also 
zero, the utilization factor 

T> . (31) 



"""^ ^ret '^'short 

is eaual to (l - a), where a is the ratio of tracer- 
gas concentration in the e-.:haust to the tracor-gas concen- 
tration in the inlet and is deternined directly hy a chem- 
ical method. 

Because the air retained in the cylinder undergoes a 
volune shrinliagG during comhustion, volume shrinkage may 
he expressed as 



Y 



s 



rot 



(B2) 



' rot 



where represents the volume under normal temperature- 

TDressure^conditions of that portion of the water-free 
;xhaust gas that was contrihuted hy the comhustion m .he 
cylinder. The total e:Mhaust is 

V - Y + V • (35) 
^ exh ■ e ^ sncrt 

The next thing to consider is that a small portion 
of the tracer gas escai^es comhustion in the cylinder. 
This gas can he accounted for in the hurning efficiency 
e of the tracer gas: 

p - ^ret " ^nh (B4) 

where t^^^ and t^,^ denote the retained portion of the 
tracer gas and the nonhurned portion of the tracer gas, 
re spcct ivcly . 



Finally, a is the ratio of the actually measured 
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concentrations in the exhaust and inlet 

texh 

^exh . ^ ^del lexh (35) 

tdel ^exh ^del 

^dcl 

A formula is sought 

T]^^ = f (a, s, e) 

that would ,;ive the utilization factor in terms of the 
correction factors. 

Known relations are: 

"^ret Vet (B6) 



short ^ short 
"^del ' "^'ret short 



^^del " Vet Vhort 

- t + t , 

^exh " short no 



''exh "e • short 
From eo.uations (Bl) and (35 ) 



(37) 
(38) 
(39) 
(310) 



short 

1 + — — 

Fror. 0(iuatioiis (B7) . (210;. r.ni (36) 

Idol _ ^"ret ^short ^ (312) 

■^'exh + ''short ^ ^^^hort 

''ret "rot 
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But fron cqUcition (3 5) 



^del ^^-cl (313) 
= a — 



cxh ^oxh 



Fron a conpr.rison of (312) and (313) 

O-^.i 5:^ — + 

On the other hcind, frou equation (32) 

= 1 - s ^^^^^ 

'rot 



end fro n c o_uat ion (311; 

Ish^ = ^ - 1 ^^^^^ 

rro:.-. oo..n.tions (214). (315). .nd (313). thorcforo. is do- 
rived 

^o:ch 1 - s + r— - - 1, 
Dividins equation (33) oy oa^^atior. (39) Gi^os 

^del _ *re^^* short ^ "ret 



(318) 



Set 



and if eo^^atior. (315) is considered 
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*dei = — ^ (^^^^ 

= 1: r 1 - e r,ut 

.•nn (317) is conpared with ed^ation (319) 
vrhen eouation {^I'J " 

1 1 ^220) 

' T^^^^t 

fron v/hich 

1 - a 

Tiut = 



e - as 



.ion i^ identical with equation (13) used in the 
This eq.uation is 
te:ct . 

APPEITIDIX C 

C.e.ical P-eaction .etv.-een .onoaethylanine and 
Sulp::uric-Acid Solution 



+ ^ -.i-ic ^'or reaction with the 

tH,t contains the graa 
A normal solution lOOO cuhic centimeters 

e.uivtlent weight ^^^^^^ of ^ suhstanco is the^ 
e^iS^o^i; -irch^omhines .it., J^opl-c s , J 
of hydrogen. Inasnuch as ^'^f * ^ is the molecular 
^Jd'rUen atoms, its o.-val -^w.xg^^^ _ ^--dTof 11^0^ 
vTf^TP-^^t diviacd oy o v^o/^ cnlTi^^uric acid per J-i^^, 

Tolution containing ^^/rams c sulp-^ , . 

is a normal solution ox -^^^^^ ^ c.l ^ solutxon. 
ine 4.9 grams of "2 = '-4 

. is 96 TJorcent pure and 

Concentrated sulphuric acid centimeter of 

has a specific gravity °' ^ ' ^^^r cf o-e contains 1.77 grams 
'c^LtntLted -if-/=,r/2,''sri^huric acid that contains 
of -£3504; or the ^olume 
4.9 grams of E^SO^ 1= 
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4 .9 = 2 77 cutic centimeters concentrated H^SO^^ 
1.77 

Then, h:r the addition of 2.77 cuMc centimeters of concen- 
trated sulphuric acid to distilled water to make a total 
of lOOO-cuhic-centimeter solution, a CI solution 
of sulphuric acid will "be ohtained. 

A solution of this r-ind may not he exactly 0 1 r and, 
therefore, the exact normality may ^^^^f f/.^^^f which may 
tion with a standardized solution of 0.1 1; LaOH. whicn may 
he obtained from a chemical company. 

The actual concentration of E^SC^ used in the tests 
was 0.121 IT. 

Concentration of Monome thylamine in Air 

When monomethylaminc reacts vith ^"^l-^f'l^^Tf^^^^^ 
methylanine sulphate is fornc^. as indicated hy the follow- 
ing reaction: 

CH3IIH2 + Hsso* — »ch3::h2 HeSO* 

Since a 1 IT acueous sol-^tior. of HsSO^ contains 49 graas 
?Jo! 1000 cuMc conti..eters of total solution 1 cubic 

centLotor of 1 l" H,SC, solution contains 0.049 gran, of 
K3SO,. Henco, 1 cubic contineter of a (iD normality h,SO, 
solution contains 0.049 (H) graa of H2S04. According to 
the foregoing st oi chi or.etri c eauation. fno quantity of 
nononoth^lanine equivalent to 1 cubic ^^'^^^"f °; 
EaS04 nay be calculated, as indicatea, by the following 

method: 

(0.049) (r) ^ _K_ 
98 31 

where 98 and 31 represent the molecular weights of K^SO^ 
and CH^^THs. respectively, and w the equivalent weight of 
CH3ITK2 , v.'hich gives 

= 2i (ic-=) (:t) g CHj-.-Ks 

If Tec is the volume of (IT) K^SO^ solution used for the 
sample test, the weight M of C-^"^^ equivalent to it 
v/ould he 
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(lo-)on(x) g = i§}{ii^anu)x. 

\j =Q= X cc (it) H2SO4 

51,0 =Q= syabol represents that the quantities on 
the right and loft side neutralize each other. 

-his weight of nonenethylanine is contained in a vol- 
ume V of gas. The concentration is 

illKloT-ll (1T)(X) 
Concentration ^113 -.113 = y 

where 

(IT) normality of acid solution " 

V volume of monome thylami ne free sample <> X cc 
of (r) normality :-:2SC4, 

If the volune occupied by the amine i^-/;^"^ 
lected. only the fourth decimal will be affected. 



Calculation of the Concentration Ratio of I--enonethylamine 
in the Sxhaust and Inlet Sr.::plos 
The symbol a denotes- the ratio 

conc entration CH, "Hp in the exhaust 
= ^^I^tration CH,!"-:^ in the, inlet 

If substitution is made, there is obtained 

3.414 X 10 ^ 

* exh 



5.414 X 10 



V c:-.h 
CI) X 

V inl 



■3 (v) X 



V inl 
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If the sane solution of SO4 of aoout 0.1 IT is 
Mscd -^or -bot}- the inlet and the exhaust tests and, if the 
specific weights of the two nononethylaninc free gas san-. 
pies are equal 

'^ i^-'l '^i-^1 ^/"-^ ^g^Q4 ^exh 



1. Taylor. C. Fayette, and Taylor, Edward S.: The Inter- 

nal Conhustion Engine. International TextbooK ..0., 
1938, p. 248. 

2. ITagel. A.: The Diesel Engine of To-day. English ^ 

translation of Die sel-Maschinen , VDI-Verlag G.n^h.^i. 
(Berlin) 1923, pp. 3-o5. 

3. DeJuhasz, K. J.: lleasuring the Scavenging Efficiency 

of Two-Stroke Diesel Engines. Auto. Ind. , vol. 7^, 
no. 26, Dec. 28, 1935. 



Curtis, C: In-^r ovenent s in Scavenging and Super 
charging Tv;o-3ycle Diesel Engines. Diesel Pow 
vol. XI, no. 9, SeTDt. 1933, pp. 545-549. 



5. Anon.: The Scavenging of Two-Cycle Engines, Sulzer 

Tech. Rev., no. 4, 1933, 

6. List, H.: Versuche an der Zwei taktdie selnaschine , 

Diesclr.aschinen VII . Z.V.D.I., Sept. 1938, pp. 2-14, 

7. Schweitcer. P. H., and IClingo, E. P.: Oxygen-Boosting 

of Diesel Engines for Take-Off. ±Jng. Exp. S ta . 
Bull. Ho. 54, Penn. State Col. Bull., vol. XXX., 
no. 14, April 1, 1941. 



HACA Technical ITote ITo. 838 



37 



TABLE I 

t^ET^RMirATIOlT OF THE CEAPaHTG EFEICIEITCY OF A YEiTlI SEVSPI]^ 
^ Jto-STPOKE-CYCLE CRAITKCASE SCAVEH&ED DIESEL BIT&IHE 



(Rated 30 hp at UOO rpm; 10.5-in. hore^ 12-in. stroke; inlet port opens 
132° A.T.C.; exhaust ^Dort opens 11?^ A.T.C.; inlet port closes 228 
A T C- exhaust port closes 2^3° A.T.C.; harometer. 28.85 in. Hg) 
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2 


3 




5 


6 






37s 


38O 


37s 


■^82 


38O 




520 


575 


610 


620 


595 


590 


waver— J acKG u uciii^oo. cauu.* ^ , 


15s 


136 


150 
3 


150 
3 


1^+6 


152 


. MA •'^M^i'n/lr. f^oT" ermr<T*<* infill 

Kean cranlccase pressure, pounds per squuire xuuii 


e 


li 
e 


4 


4 


li 


1-1 


liaxiinum cylinder pressure, pounas? pcx i,uu.a^^ 












inch • 


575 


575 


570 


575 


5^5 


590 


Inlet-air temperature, j • 


93 


9^ 


95 


102 


101 


101 


Ts^i r^i- A emnirp> riPTi'^-'tv ohtalnod with Pcnn State 














jigjLative S1110JS.C u.ciJ-«= — w w wc*. J. 


.82 


76 


.86 




.8U 






5 


5 


5 


5 


5 


5 


i-nrhps EfT TDressure . • • 


30 


30 


22 


22 


33 


33 


T -1 -.4. -^T^^T « 90 r»r n DQ'^IT'^ N K^SOa . cubic 
Inlet sample =0= cc u.u^o/j) i>> i.^g'-'^^i ^^^-^^ 
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.200 


.197 


.202 


.207 


Saxnpl© tnrougn sajnpie neauex --^^ o.*^ ^^^^ ' j \ ^ 














v rr on Hi n OQj^iT'^ TvT TT SO "i each aera- 

Xi H oU^ ^H- CC U.W^^Ofj 1' ■"•2 4 vse-.v^.i"' tA-v^* 














4--?r>^ fn'ho') fmir ciiich tuhes used - one vrith- 














fjrpu-inp- a sanmle 6 feet from exhaust port and 














the others each withdrawing samiDles at loca- 














tions 9 feet, 12 feet, and 15 feet from the 














o-9-v>«ii e+ -nn-r-i-c; T p <:T)ec t ivelv . all leading to a 














Vioor^o-r i.rV«-i rh 1 p?^d<^ to a wet— test gas 
common neacLer wi^-xuxi xccha.o «»<^v >^ 














meter, cubic feet 


.852 


.802 


1.000 


1.031 


.S9S 


.911 


Volume of sample passing through header cor- 


.761 


.761 




.996 


.sUo 




rected by titration l6 cc 0.09S73 1^ H^SO^ . 


.970 


.255 


! percent tracer in exhaust ^ ..... 


.212 


.212 


.165 


.15s 


.192 


• 19^ 


i * percent tracer in inlet 








.212 


.lb2 




»Size of thin-plate orifice placed in the ^.5- 








1 






\ inch-diameter inlet sir duct at the crank- 










none 


none 


i case, inches 








\ 2 


used 


. used 


Pressure drop through 3.1^.5- inch-diameter air- 














flow orifice (discharge coefficient 0.9S) , 
















?8i 


1 .27< 


1 .202 


I .200 


.321 


r .316 


Inlet-air specific weight, i^ounds per cubic 




1 












.0703 


• ObSb 




Air velocity through the air- flow orifice, 














feet TDer second 


3 


B.35 


^10!P 






.504 


.^33 
.S7 










.52 




.8^ 




.41 













Scavenging tffichncy:^^* — « 



Ufilizafion factor 
De/rvery ratio : L 




If*/ 



o 



Charging tfficitncy: >\ -rr 



mp 



f/gf. /. P/i7grarr7 s/7oy^//7^ f-fvo-s/roke e/;^//?e /process. 



Excess -air factor: X 
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FigB. 2,3 
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USING TOTAL EXHAUST GAS 

USING mTER FREE EXHAUST GAS 
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FIG 2. CHANGE IN VOLUME AFTER COMBUSTION. VOLUMES 
HAVE BEEN COMPUTED AT N TP. CONDITIONS WITH AND 
WITHOUT WATER VAPOR 
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" GARDNER FOUR STROKE CYCLE D/ESEL 
INLET \^LVE OPENS 15 DEG. B.T.D.C. 
EXHAUST \AL^E CLOSES I5DEG.A.T.D.C. 
590-620 RPM 
^'76% ar WT MONOMEJHYLAMINE IN THE INLET AIR 



50 

ENG/NE BMEP 
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FIG. 3. BURNING EFFICIENCY OF MONOMETHYLAMINE IN A 
GARDNER DIESEL ENGINE. Van Slyke-Cullen Urea apparatus. 




FIG, 7. SAMPUNG TUBE AND STOP COCK 




Figure 6,- 
Arrangeinent 
used to withdraw 
a sample thro-"!^ 
the Van iJlyke- 
Cullen urea 
apparatus. 
I, inlet-air duct 
samplint;-tulDe 
stopcock 
aeration tute 
test tube containing 
sul phur i c -ac i d 
solution 

trap to separate any 
entrained liquid 
outlet tube to 
gas-flow meter 



a, 

b, 

c, 



Figure 8.- 

Micromanometer. 

a, micrometer screw 

b, dial indicator 

c, neon lamp 

d, connection to 
low pressure 
side of air-flow 
nozzle 

o, alternating- 
current power 
source 
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